Genetic divergence in the C57BL strain of mice 227 precise results than the methods previously used by and by Carpenter et al. (1957) , and which poses new problems.
MATERIAL AND METHODS
This study is based on the skeletons of 100 adult mice of the C57BL/Ko subline (32 <$,$ and 68 $$) which were bred at the Chester Beatty Research Institute; the specimens were prepared by the papain maceration technique between December 1958 and October 1959. It is now well known (Searle, 1954 c; Deol & Truslove, 1957) that the development of the mouse skeleton may be powerfully influenced by unbalanced maternal diets. However, as has been discussed by and by Carpenter et al. (1957) , it is improbable that differences between nearoptimal diets will have major effects on the development of the skeleton. The skeletons were classified for the same twenty-seven skeletal variants used in previous investigations. They are enumerated, together with key references, in the following list. To ensure continuity with the earlier work on the subject, the criteria of classification were discussed with other workers in this laboratory who are familiar with these variants. (Deol, 1955) (Truslove, 1952) (Deol & Truslove, 1957) (Truslove, 1952) (Searle, 1954c ) (Searle, 1954c ) (Deol, 1955) (Deol, 1955) (Deol, 1955) (Griineberg, 1950) (Griineberg, 1950) (Searle, 19546) (Searle, 19546) (Truslove, 1952) (Deol & Truslove, 1957) (Deol, 1955) (Deol, 1955) (Deol, 1955) (Deol, 1955 ) (Truslove, 1954 (Deol, 1955 ) (Griineberg, 1950 ) (Griineberg, 1950 ) (Griineberg, 1950 ) (Griineberg, 1950 (Deol & Truslove, 1957) (Searle, 1954 a, c) 
RESULTS
The percentage incidence of these twenty-seven skeletal characters in the eleven sublines of the C57BL strain is given in In order to study the degree of divergence between these sublines in more detail and more critically, the percentage incidences from Table 1 were transformed into angular values as this makes that part of the variance which is due to errors of Ko -sampling independent of the incidence of the character. The angular value 8 corresponding to the percentage p was denned by 6 = sin -1 (l -2p), measured in radians. This appears to have some advantages over Fisher's transformation <j> = sin~1^/p, measured in degrees, since whereas the large sample variance for Fisher's <f> is 820-7/%, where n is the size of the sample, that for 6 is simply \jn.
The two measures are related by the equation 6 = irl--^1 -The next step is to construct a measure of the divergence between the sublines. For any pair of sublines this is done by taking the differences between the angular values for each of the twenty-seven characters studied, squaring these differences, adding them together and finally dividing the sum by the number of characters (i.e. 27 
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MANJIT SINGH GBEWAL raw measure of divergence still contains a part which can be ascribed to random sampling fluctuations. This is allowed for by subtracting I 1 1 from the uncorrected measure of divergence between any two sublines M 1 and M 2 , where m a and m 2 are the numbers of mice in each subline. This measure of divergence between any two sublines shows how far, on an average, the twenty-seven characters have diverged from each other. Table 2 gives the mean divergence between the eleven sublines of C57BL as regards these twenty-seven minor skeletal variants, fifty-five paired comparisons in all. The figures in brackets give the approximate number of generations separating the sublines where this is known; this is based on the pedigree in p. 378, of Carpenter et al. (1957) , equating one year of separation to two generations of mice, and adding together both lines of descent from each point of separation. The sum of all the measures of divergence for all sublines (except Koller's) is 8-740; if this is divided by the sum of all separations in generations of all sublines (again except Koller's), i.e. 2901, we obtain as the average divergence per generation per character the value of 0-003. Koller's subline had to be omitted from these calculations as its time of separation from the other sublines is not known. The forty-five values of the measure of divergence for the paired comparisons between the sublines have been plotted against the separation in generations and the resulting graph (Fig. 1) gives the rate of increase of divergence per character per generation.
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DISCUSSION
A. The relationship of Koller's subline to the G57BL strain
As expected, the divergence between sublines I + 11, between III + IV and between V + VI + VII in Table 2 is very small. Taken by themselves the measures of divergence do not deviate significantly from zero. Evidently, the genetic divergence arising in 6-10 generations is too small to be detectable in the present material. It is thus permissible to pool the seven British sublines to form three groups as outlined above. It is less certain whether it is legitimate to do the same with the three American sublines; however, if it is done, the simplified Table 3 is obtained. This table shows that, on the whole, the American sublines differ more from the British ones than the latter differ from each other. This is in agreement with the conclusions reached by Carpenter et al. (1957) ; but, whereas the conclusion reached by these authors was based largely on a somewhat indirect argument, the present values are more objective and moreover convey an estimate of the relative degree of genetic divergence. It is obvious from Table 3 that Koller's subline differs, on an average, far more from the British or the American sublines than these differ from each other. For the purposes of comparison, it is legitimate to pool all the British sublines. If this is done, the divergence between the British sublines and Koller's amounts to 0-524 in terms of variance per character. It is unknown exactly at what stage the British sublines and Koller's had their last common ancestors. However, if we accept the value of 0-003 for the divergence per character per generation, it would take 0-524/0-003 or 175 generations to produce a divergence as great as that observed. Dividing this value by 2 for the two lines of descent, and allowing two generations per year (as before), it would take about 44 years of brother-sister mating following the establishment of a homogeneous strain to produce so great a 232 MAN JIT SINGH GREWAL divergence by freshly arising mutations.* This would take us back to roughly the year 1912, i.e. a decade before the C57BL strain was started. Even allowing for the uncertainties inherent in some of these admittedly rough calculations, it seems improbable that so great a divergence could have arisen by freshly arising mutations after the elimination of the original heterozygosis. It may therefore be suggested that Roller's subline diverged from the British sublines at a stage prior to the fixation of all the original heterozygosity, and that part, at least, of the present divergence represents gene differences already present in Miss Lathrop's original mice from which the C57BL strain was developed by inbreeding.
It is thus clear that Roller's subline differs considerably from the other sublines of the C57BL strain. The difference is so great that it cannot reasonably be accounted for by mutations which have happened after the C57BL strain had become a homogeneous inbred strain. Now does this mean that Roller's subline has no real claim to be included in the C57BL 'family' of strains, and that it thus represents a different entity altogether ? The C57BL skeleton is highly characteristic by virtue of many variants which either do not occur in other strains at all, or which are uncommon elsewhere; the combination of these entities is as unique as a human face. Nobody familiar with C57BL will be in the slightest doubt that Roller's subline belongs to that group after having examined even a small sample of that subline. The characteristic C57BL variants are as follows: Ten out of these fourteen variants occur in Roller's subline, generally in frequencies not greatly different from those in the other sublines. The absence of two others (Nos. 6 and 15 respectively) can easily be due to an accident of sampling. In the case of Nos. 4 and 26 the frequency of the variants is undoubtedly reduced, though, of course, not necessarily zero. Taking the evidence as a whole, there cannot be any reasonable doubt that Roller's subline belongs to the C57BL 'family' of strains. It therefore appears that the basic structure of the C57BL skeleton had been fixed before Roller's subline diverged from the rest, but that * This argument is not influenced by the number of mouse generations per year. If we had taken four generations per year throughout, we would have found the divergence per generation per character to be 0-0015 instead of 0-003. However, 0-524/0-0015 = 350 generations which, in two lines of descent and at the rate of four a year, will still take 44 years to be produced.
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233 genes influencing the frequency of individual variants were still segregating at the time, and that the latter segregation is partly reflected in the sizeable gap which now separates C57BL/Ko from the rest.
B. Segregation and mutation in subline divergence
We have seen above that the rate of divergence is about 0-003 per generation per character. This value is based on two mouse generations per year, which may be an underestimate. Perhaps two and a half or even three generations is nearer the truth, in which case the rate of divergence would be 0-0024 or 0-002 respectively per generation. It is of interest to compare these values with those of Bailey (1959) , who used six metrical characters of the mouse skeleton for his investigation. That author found that in the C57BL/6 strain his measure of divergence (similar to the one used here) ranged from 0 to 0006, and from 0002 to 0-013 in the BALB/cAn strain. The agreement with the values presented here is thus very satisfactory. The rate of increase of genetic variance of chaeta number in Drosophila estimated by Mather (1956) and others is approximately 0-001 per generation and thus possibly a little smaller than the rate of change in the mouse.
In the British sublines of C57BL investigated by Deol, Griineberg, Searle & Truslove (1957) , twenty-one 'mutations' affecting the twenty-seven variants have occurred; if these were indeed freshly arisen mutations, about seventy-two generations are available during which they could have happened, i.e. about 0-01 mutation per variant per generation, or one mutation in 100 generations. As shown by Griineberg (1955) and later developed in more detail by , the average effect of these mutations amounts to about 0-6 standard deviations or about 0-6 2 = 0-36 expressed in terms of variance. Hence this should give a divergence of about 0-01 x 0-36 = 0-0036 per character per generation. This value slightly exceeds the rate of divergence actually found; presumably the excess is merely due to the crude nature of the calculation. It thus seems that the total variance introduced by mutations which can be individually recognized is already sufficient to account for the rate of divergence actually found; it seems likely that the contributions from mutations with smaller effects or other sources of variation are comparatively unimportant.
The rate of one mutation per 100 generations per variant is astonishingly high. Actually, it would have been more accurate to speak of one detected mutation per 100 generations. In an inbred strain each generation is represented by two animals and hence by four chromosome sets which have given rise to this brothersister pair. Now if this gene pool AAAA by mutation becomes AAAa, the final outcome as the result of continued inbreeding will be either AAAA or aaaa, i.e. the mutant gene a will either be eliminated again, or it will be fixed; only the latter result will be ultimately detectable. Supposing that the three possible genotypes have the same fitness in the Darwinian sense, elimination of the new mutant gene o will happen in three cases out of four, and its fixation in the population in onequarter. Hence for every mutant step discovered, there are three which have failed to establish themselves. Hence one detected mutation in 100 generations = 400 gametes corresponds to four actual mutations in 400 gametes, or 1%. This is at least 1000 times more than the spontaneous mutation rates of single genes so far measured in the mouse; Russell & Russell (1959) report six spontaneous mutations in an experiment involving seven specific loci in a total of 106,408 mice, or a mutation rate of 0-81 x 10~5 per locus per gamete, i.e. approximately one mutation per 125,000 gametes.
How can one account for this altogether unexpected number of mutations? In the first instance, the possibility exists that one and the same mutational step might pleiotropically affect more than one variant, so that it would be ascertained more than once. Truslove (1962) has made a systematic search for correlations between these minor skeletal variants and has found that there are few such correlations, and those that exist are all comparatively feeble. Hence there is no prima-facie evidence to support the hypothesis of multiple ascertainment of mutational steps. However, Truslove's results do not exclude such an interpretation. But even if the number of mutations were only one-quarter of the raw figure of twenty-one actually observed, which is almost certainly an exaggerated assumption, the discrepancy would be reduced from a factor of 1000 to one of 250.
Next one may consider that most or all the minor variants here considered are under the control of several genes; there is ample evidence to support this view. If a mutation in any one of these genes would result in a shift in frequency of about 0-6 standard deviations, then if the variants were, on an average, under the control of 1000 such genes, the discrepancy would disappear. The actual number of' poly' genes in biometrical genetics has always been left discreetly vague. But to create, ad hoc, a thousand of them per variant in order to ' explain' the high mutation rate would obviously just replace one improbability by another.
Next, one might consider that the genes responsible for the 'major' gene effects in the specific locus experiments of Russell & Russell (1959) are 1000 times less mutable than those which control the minor skeletal variants. Again, this assumption lacks plausibility.
In view of these unresolved difficulties, it is appropriate to re-examine the evidence that the abrupt changes in the frequency of minor variants observed in the sublines of C57BL and other inbred strains of mice are in fact mutations, as suggested by Griineberg Carpenter et al., 1957) . Having disposed of the possibility of trivial mistakes such as unknown outcrosses of the C57BL strain to other mice, these authors had to decide between the possibilities of segregation and mutation. The persistence of residual heterozygosis in so many different entities after so many generations of brother-sister mating could only be accounted for if heterozygotes possessed a marked selective advantage. It has recently been shown (Hayman & Mather, 1953; Reeve & Gower, 1960 ) that a comparatively moderate advantage of heterozygotes over homozygotes can greatly retard, and indeed arrest, the progress towards the fixation of genes by inbreeding. But this advantage can only express itself if many homozygotes are eliminated either by death or sterility. In view of the normal litter size and fertility of the C57BL strain, the persistence of simultaneous heterozygosis in many genes seemed available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0016672300035011 impossible. Moreover, it has since been shown (Deol, Gruneberg, Searle & Truslove, 1960 ) that in C57BL/Gr, sublines I-IV, there is no evidence at all for the existence of genetic variance other than that differentiating the sublines from each other, and the same applied to two other inbred strains of mice (A/Gr and CBA/Gr). These arguments still appear to be valid. But it is perhaps permissible to ask whether all the premises on which the argument rests are valid beyond question. Is it, for instance, certain that the C57BL strain, in its earlier history, was invariably maintained by brother-sister mating? When was it first realized that an occasional cross between sublines might largely undo the work of inbreeding? The exact history of the C57BL strain has never been published, nor can it ever be published now as all the earlier records were lost in the fire at Bar Harbor in 1947. If it might be assumed that in the earlier history of the strain occasional crosses between sublines have occurred (at a time when the very existence of genetic differentiation between sublines was not yet realized), then perhaps the C57BL mice which diverged in the year 1941 to form the British sublines I-VII did not have ' at least 40 generations of brother-sister mating' behind them, as was supposed, and perhaps they contained some residual heterozygosis which has since been fixed by more rigorous inbreeding. Referring as it does to happenings in the past which cannot now be verified, this is obviously no more than a conjecture. But it seems not quite so improbable as some of the other hypotheses discussed above to explain this enormously high 'mutation rate'. Moreover, the suggestion can, in principle, be tested. If, in fact, the divergence between sublines I-VII is partly due to the segregation of residual heterozygosis and partly to mutations of recent origin, then subline differentiation in future should happen at a slower rate, as residual heterozygosity has now definitely disappeared from the strain. It would thus be of considerable interest to create deliberately two or more separate sublines now, allow them to proceed for a number of generations, and then compare the divergence which develops with that which emerged in the unplanned separation of sublines in the past.
It should be pointed out that one feature is not in favour of the hypothesis that part of the subline differentiation observed is due to the segregation of residual heterozygosis. As pointed out by , the branch of the pedigree which leads to sublines V + VI + VII seems to have given rise to a disproportionately large number of subline differences, considering the number of generations involved. Now this branch diverges from the line of descent which leads to sublines III + IV so late that the persistence of an appreciable residual heterozygosity at such a late stage is rather improbable. If this is accepted, and if subline differentiation in C57BL continues at a similar rate in the future as it has done in the past, the magnitude of the effect presents a major problem in mutation research.
SUMMARY
The ancestory of Roller's subline of the C57BL strain is not known. A study of the minor skeletal variants in this subline showed that it differs from the other ten sublines of C57BL more than they differ from each other. It appears to have 236 MANJIT SINGH GREWAL separated from the rest before the genotypes of the sublines had been fixed by inbreeding. There is enough evidence to show that it is indeed a branch of C57BL strain.
The rate of divergence of the sublines of C57BL is surprisingly high. It is reconsidered whether the whole of this divergence can be explained by recent mutations or whether residual heterozygosis has also played a part in it.
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